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ABSTRACT: We have coevolved high activity and hyperstability in subtilisin by sequentially randomizing
12 amino acid positions in calcium-free subtilisin. The optimal amino acid for each randomized site was
chosen based on stability and catalytic properties and became the parent clone for the next round of
mutagenesis. Together, the 12 selected mutations increased the half-life of calcium-free subtilisin at elevated
temperature by 15 000-fold. The catalytic properties of the mutants were examined against a range of
substrates. In general, only mutations occurring at or near the substrate-binding surface have measurable
effects on catalytic constants. No direct influence of stability on catalytic properties was observed. A
high-stability mutant, Sbt140, was a more efficient enzyme in terms ofkcat/Km than a commercial version
of subtilisin across a range of substrates but had a lowerkcat against tight-binding substrates. The reason
for this behavior was discerned by examining microscopic rate constants for the hydrolysis of a tight-
binding peptide substrate. Burst kinetics were observed for this substrate, indicating that acylation is not
rate-limiting. Although acylation occurs at the rate of substrate binding,kcat is attenuated by the slow
release of the N-terminal product. Natural evolution appears to have optimized catalytic activity against
a range of sequences by achieving a balance between substrate binding and the rate of release of the
N-terminal product.

Subtilisin BPN′ from Bacillus amyloliquefaciensis a
secreted, serine protease, which degrades proteins in the
extracellular environment and provides amino acids to the
Bacillus (1-3). It is an important industrial enzyme as well
as a model system for protein engineering studies (4).
Subtilisins from mesophilic organisms are generally highly
efficient catalysts, turning over a broad spectrum of protein
substrates at rates exceeding 106 M-1 s-1 at 25 °C (5).
Thermophilic subtilisins generally are less efficient. One of
the practical goals of protein-engineering efforts is to create
subtilisins that are both highly stable and highly efficient
catalysts (6, 7). Here, we evolve a hyperstable subtilisin and
measure catalytic properties as a function of stabilizing
mutation.

The variants examined here lack the calcium-binding loop
A of natural subtilisins. Site A is formed from a nine amino
acid bubble in the last turn of anR helix, comprising amino
acids 63-85 (helix C) (8). In previous work, we have shown
that deleting amino acids 75-83 creates an uninterrupted
helix with normal helical geometry over its entire length and
abolishes the calcium-binding potential at site A (9-11).
Nevertheless, regions of subtilisin that were adjacent to the
75-83 loop have lost many favorable interactions. Conse-
quently, a number of compensating mutations were identified
and introduced into the deletion mutant to restore stability
(Q2K,1 S3C, P5S, K43N, M50F, A73L, Q206C, Y217K,

N218S, and Q271E). This mutant is referred to as Sbt88.
The directed evolution of calcium-free subtilisin has been
described previously (12). The X-ray crystal structure of
Sbt88 subtilisin (PDB ID 1DUI) is described in Almog et
al. (13).

The loop-deleted background has become a platform for
further engineering because stability can be studied inde-
pendent of calcium binding and because of the potential
usefulness of chelant-stable subtilisins for biotechnological
applications. This paper describes the identification of 12
additional stabilizing mutations by site-directed random
mutagenesis in the loop-deleted background. Collectively,
the 12 mutations increase enzymatic half-life by 15 000 times
at temperaturesg65 °C. The goal of this paper is to examine
interrelationships between stability and catalytic properties.

MATERIALS AND METHODS

Expression and Purification of Subtilisins.The subtilisin
gene fromBacillus amyloliquefaciens(subtilisin BPN′) has
been cloned, sequenced, and expressed at high levels from
its natural promoter sequences inBacillus subtilis(2, 3). All
mutant genes (encoding the signal peptide, prodomain, and
mature subtilisin) were recloned into a pUB110-based
expression plasmid and used to transformB. subtilis. The
B. subtilisstrain used as the host contains a chromosomal
deletion of its subtilisin gene and therefore produces no
background wild-type activity (14). Subtilisin varaints were
expressed in a 5 L NewBrunswick fermentor at a level of
g200 mg/L. Fermentation conditions and purification were
as described (15). The enzyme concentration (E) was
determined usingE 0.1%) 1.17 at 280 nm (1). For variants
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that contain a Y217 mutation, theE 0.1% at 280 nm was
calculated to be 1.12 based on the loss of one Tyr residue
(16).

Construction of ActiVe Calcium-free Subtilisin Genes.
Because calcium-free subtilisin is lethal toEscherichia coli,
mutagenesis to create genes for active calcium-free subtilisin
had to be carried out in such a way to prevent leaky
expression in the steps in whichE. coli was used as a host.
To separate the∆75-83 subtilisin gene into nonfunctional
pieces, anMlu I site was introduced at the junction between
the prosequence and the mature portion in the expression
plasmid for the inactive calcium-free subtilisin Sbt15 (pS15)
(9). Subtilisin Sbt15 is inactive because of a mutation of
S221C. AnMlu I site was also introduced into M13 mp19.
The portion of Sbt15 subtilisin gene encoding only mature
subtilisin was then subcloned as a 1.2-kbMlu I to Sal I
fragment into the altered M13 mp19. The m13 clone was
mutagenized to convert cysteine 221 back to serine. This
construction was incapable of producing active subtilisin
because it contained neither the expression signals nor the
prosequence. The mutagenizedMlu I to Sal I fragment,
containing the mature portion of the active gene, was ligated
into the expression plasmid and cloned directly intoB.
subtilis.

Directed Mutagenesis and Screening for Increased Stabil-
ity. Site-directed mutagenesis was performed on subtilisin
genes with oligonucleotides, which were degenerate at a
chosen codon using QuikChange (Stratagene) mutagenesis
kits according to the instructions of the manufacturer. The
degenerate codon contained all combinations of the sequence
NNB, where N is any of the four nucleotides and B is T, C,
or G. The 48 codons represented in this population encode
for all 20 amino acids but exclude the ochre and amber
termination codons. The mutagenized gene was ligated into
an expression plasmid and used to transformB. subtilis. To
have a 98% chance of finding an amino acid represented
only once in the population of codons NNB (W, E, Q, or
M), one must screen about 200 mutant clones. Codons for
all other amino acids are represented by at least two codons
in the population and would require screening of about 100
mutant clones to have a 98% chance of being represented in
the mutant population. A total of 200-300 clones were
screened in each experiment.

Mutant clones were grown in microtiter dishes and
screened for proteolytic activity using 1% skim milk. A total
of 50 µL of 2% yeast extract was dispensed in each of the
96 wells of a microtiter dish. Each well was inoculated with
aBacillustransformant and incubated at 37°C with shaking.
After 18 h of growth, 5µL of culture was diluted into
95µL of 100 mM tris(hydroxymethyl)aminomethane (Tris)2-
HCl and 100 mM NaCl at pH 8.0 and 1% skim milk in a
second microtiter dish. The wells in which the turbidity
(absorbency at 600 nM) decreased the fastest were presumed
to contain the most active subtilisin mutants.

Determination of InactiVation Rates.The kinetics of
inactivation were determined as follows. Subtilisin at a

1 µM concentration was dispensed in aliquots of 0.5 mL
into 1 mL glass test tubes and covered with Parafilm. The
tubes were placed in a circulating water bath at the
appropriate temperature. At each time point, a tube was
removed and quickly transferred to an ice bath. A 10µL
aliquot was removed, and residual activity was assayed in
990µL of 1 mM succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-nitroa-
nilide (sAAPF-pNA), 0.1 M Tris-HCl at pH 8.0, and 0.1 M
NaCl. The inactivation time course was followed over four
half-lives (17).

Kinetic Measurements.Steady-state assays of the hyd-
rolysis of sAAPF-pNA were as described by DelMar et al.
(18). Succinyl-DVRAF-7-amino-4-methylcoumarin (AMC)
was purchased from AnaSpec Inc. The concentrations of the
AMC substrates were determined by absorbency at 324 nm
using an extinction coefficient of 16 mM-1 cm-1. Reaction
kinetics of AMC substrates were measured using a KinTek
stopped-flow model SF2001 (excitationλ ) 380 nm, and
emission) 400 nm cutoff filter). A stock solution of enzyme
at a concentration of 2 mM in 10 mM KPi at pH 5.7,
100 mM NaCl, and 50% glycerol was prepared for kinetic
studies. Immediately prior to stop-flow mixing, the enzyme
was diluted into 100 mM Tris-HCl at pH 8.3 and 100 mM
NaCl and placed in syringe A of the SF2000. A solution of
the substrate in the same buffer was place in syringe B.
Solutions were equilibrated at 25°C. Fluorescence data were
collected after one to one mixing of the two solutions. For
measurements of single turnover kinetics, the final enzyme
concentration was varied from∼0.5-20µM with a constant
substrate concentration of 50 pM. Typically, 10-15
kinetics traces were collected for each [E]. Kinetic mecha-
nisms were simulated using KinTekSim (19, 20), which
was obtained from the KinTek Corporation website
(www.kintek-corp.com).

RESULTS

Directed Mutagenesis and Screening.A total of 12 amino
acid positions in Sbt88 subtilisin (Table 1) were chosen for
random mutagenesis based on earlier studies. Amino acid
position and references are as follows: S9 (7); I31 (21), E156
(22, 23), G166 (24, 25), G169 (16, 26), S188 (25), N212
(27), A216 (28), Y217, (16, 26), N218 (29), M222 (30), and
T254 (25) (Table 1 and Figure 1). These were the only sites
screened, although positions 8, 14, 27, 53, 63, 89, 109, 116,
118, 131, 161, 170, 172, 181, 194, 195, 213, and 256 would
also have been good candidates based on earlier reports
(7, 25, 31-34 ).

Generating and screening subtilisin variants involvedin
Vitro random mutagenesis at each site of the Sbt88 subtilisin
gene, expression of mutated genes inB. subtilis, and
screening for activity versus casein as described in the
Materials and Methods. Once preliminary identification of
an active mutant was made from the microtiter dish assay,
the correspondingBacillus clone was grown for further
analysis. The DNA sequence of the mutagenized site was
determined for each clone confirmed to produce a high level
of casein activity. Active mutants were further analyzed for
stability and sAAPF-pNA activity.

The kinetics of thermal inactivation were measured in
100 mM Tris-HCl at pH 8.3 and 100 mM NaCl at
temperatures from 65 to 75°C. The rate of inactivation at

2 Abbreviations: sAAF-AMC, succinyl-Ala-L-Ala-L-Phe-7-amino-
4-methylcoumarin; sAAPF-pNA, succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-
nitroanilide; sDVRAF-AMC, succinyl-L-Asp-L-Val-L-Arg-L-Ala-L-Phe-
7-amino-4-methylcoumarin;t1/2, half-life for a kinetic experiment; Tris,
tris(hydroxymethyl)aminomethane.
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elevated temperatures and low concentrations (e.g.,e1 µM)
is characterized by a single-exponential decay curve, whose
time constant is determined predominantly by the rate of
subtilisin unfolding. Thus, mutations that decrease the rate
of inactivation under these conditions can be considered to
have increased the activation energy of unfolding (15, 17).

Steady-state kinetic parameters against the peptide sub-
strate sAAPF-pNA were determined in 100 mM Tris-HCl
at pH 8.3 and 100 mM NaCl at 25°C. The optimal amino
acid for each randomized site was chosen based on stability
and catalytic properties and became the parent clone for the
next round of mutagenesis. The order of mutation was chosen
arbitrarily and is shown in Table 2. No wild-type BPN′ amino
acid was judged to be optimal at any of the 12 positions.

This was expected because stabilizing mutations at these sites
had been found previously in the wild-type background. The
gene for the initial parent subtilisin (Sbt88) had mutations
at 2 of the 12 sites: Y217K and N218S. The screening re-
identified serine as the optimal amino acid at 218. At position
217, L, V, Q, S, M, and Y were identified in the primary
microtiter dish screen. Leucine at 217 was chosen for
propagation based on itskcat/Km versus sAAPF-pNA, even
though it is less stable than K217 and M217. Positions 166
and 222 also required a compromise between stability and
catalytic activity. Serine was chosen at position 166 because
of the 2.8-fold increase in half-life, even though catalytic
turnover is 0.67 that of the wild-type G166. At position 222,
glutamine was identified by random selection but reduced
kcat/Km by 10-fold relative to the wild-type methionine. The
M222Q mutant was selected for further study because
removal of the peroxide-sensitive M222 from the active-
site region of subtilisin makes the enzyme virtually insensi-
tive to 1 M hydrogen peroxide (30, 35, 36). Table 2
summarizes the stability and kinetic data for all of the
selected mutants. Mutations occurring at or near the substrate-
binding surface have measurable effects on catalytic con-
stants: I31L, E156S, G166S, G169A, A216E, K217L, and
M222Q. The kinetic effects of these mutations are basically
as anticipated from previous work (7). Mutations distal to
the active site (S9A, S188P, N212G, and T254A) did not
effect steady-state parameters. Contributions from the indi-
vidual stabilizing mutations accrue cumulatively; thus, build-
ing a highly stable subtilisin was accomplished in a step by
step manner by sequentially mutagenizing the Sbt88 gene
and selecting the desired properties. All 12 mutations increase
the half-life of calcium-free subtilisin at elevated temperature
by 15 000-fold. Parallel mutagenesis and screening of 12
Sbt88 gene libraries would have been more expeditious had
we not wished to examine the accumulated effects of
stabilizing mutations on catalytic activity. Optimal mutations,
once identified in the Sbt88 background, could have been
combined to create stable, active mutants because of the
independent effects of individual mutations. The strategy of

Table 1: Mutation in Subtilisina

mutation Sbt88 Sbt98 Sbt99 Sbt103 Sbt107 Sbt109 Sbt110 Sbt116 Sbt140 Sbt151 Sbt153 Sbt184

Q2K × × × × × × × × × × × ×
S3C × × × × × × × × × × × ×
P5S × × × × × × × × × × × ×
S9A × × ×
I31L × × × × × × ×
K43N × × × × × × × × × × × ×
M50F × × × × × × × × × × × ×
A73L × × × × × × × × × × × ×
∆75-83 × × × × × × × × × × × ×
E156S × × × × × × × × × ×
G166S × × × × × ×
A169A × × × × × × × × × × ×
S188P × × × ×
Q206C × × × × × × × × × × × ×
N212G × × × × ×
Y217L × × × × × × × × ×
A216E × ×
N218S × × × × × × × × × × × ×
M222Q ×
T254A × × × × × × × ×
Q271E × × × × × × × × × × × ×

a The × denotes that a variant subtilisin contains a specified mutation.

FIGURE 1: Structure of subtilisin S221A mutant of subtilisin Sbt110
(Gary Gilliland, manuscript in preparation). Sites of random
mutation are shown by the cyan spheres. Active-site residues D32,
H64, and S221 are shown in red. Pentapeptide AAAAL bound to
the binding cleft is shown in yellow.
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simultaneously mutagenizing all 12 sites in a single Sbt88
mutant library is not prudent because the size of the library
(∼4 × 1015) is far too large to be screened effectively.

Analysis of Kinetic PropertiesVersus sAAPF-pNA.The
steady-state catalytic properties of the last four mutants in
the series (Sbt140, Sbt151, Sbt153, and Sbt184) versus
sAAPF-pNA are summarized in Table 3. Catalytic behavior
is referenced against the Y217L variant of subtilisin BPN′.
There are two reasons for this. First, it was found that
interactions between the fluorogenic leaving group AMC and
tyrosine 217 have large effects on the acylation rates
observed for AMC substrates. Hence, for comparisons

between substrates with pNA and AMC leaving groups, the
Y217L mutant is a better reference enzyme. Second, the
Y217L mutant is a commercial version of subtilisin BPN′
and is regarded as a better general protease (37). We found
it to be more active than the wild-type enzyme against the
range of substrates examined here. The Y217L mutant of
subtilisin BPN′ will be denoted as SBT*. All stabilized
variants, except Sbt184, were found to be more active than
SBT* versus sAAPF-pNA (Table 3). However, none dis-
played more than 30% of the activity of SBT* against 1%
casein. We investigated the reason for this behavior.

Analysis of Kinetic PropertiesVersus the Protein Substrate.
To obtain a more detailed assessment of catalytic properties
versus a complex protein, we used a F30H mutant of the 56
amino acid IgG-binding domain ofStreptococcalprotein G
as a substrate (38). The ∆Gunfolding of the mutant (denoted
GBF30H) is∼2 kcal/mol at 25°C; therefore, a single cut by
a protease will cause the protein to unfold completely. Its
unfolding can be followed by a 3-fold increase in fluores-
cence of its single tryptophan (39); thus, we were able to
measure the kinetics of initial cleavage events. Table 3 shows
steady-state kinetic parameters for SBT* and calcium-free
mutants Sbt140 and Sbt184.

In terms of catalytic efficiency (kcat/Km), Sbt140 is better
than SBT*. However, when the substrate concentration
exceeds 15µM (0.1 mg/mL), SBT* is better because itskcat

is almost 6 times higher than Sbt140. In fact, the peroxide-
stable Sbt184 also has a higherkcat than Sbt140. To
understand this behavior, we employed transient-state kinetic
methods to determine microscopic rate constants. A general
kinetic scheme for subtilisin catalysis is as follows (Scheme

Table 2: Selection for Stability and Catalytic Activitya

t1/2

parent strain random site observed mutations kcat/Km (µM-1 s-1) (65 °C) (75°C)

Sbt88 S218 S 0.35 400 0.3
D 0.10 220
N* 0.17 83

Sbt88 G169 A 1 2000 2
Sbt98) (Sbt88+ A169) E156 S 3 2.4
Sbt99) (Sbt98+ S156) K217 L 5.1 1.7

V 2.5 0.5
S 1.4 0.9
Q 2.8 1.3
M 2.7 2.6
Y* 5.0 0.8

Sbt103) (Sbt99+ L217) T254 A 6 6
Sbt107) (Sbt103+ A254) I31 L 6 9.7
Sbt109) (Sbt107+ L31) G166 S 4 27

R 5 18
Sbt110) (Sbt109+ S166) N212 G 4 41
Sbt116) (Sbt110+ G212) S188 P 4 53
Sbt140) (Sbt116+ P188) S9 A 4.2 95
Sbt151) (Sbt140+ A9) A216 E 4.7 160
Sbt153) (Sbt151+ E216) M222 Q (Sbt184) 0.45 450

a Steady-state kinetic parameters versus sAAPF-pNA were measured in 100 mM NaCl and 100 mM Tris-HCl at pH 8.3. Half-lives were measured
in 100 mM NaCl and 100 mM Tris-HCl at pH 8.0, at an initial enzyme concentration of 1µM. An asterisk denotes a reversion to the wild-type
subtilisin BPN′ amino acid.

Table 3: Steady-State Kineticsa

Substrate: sAAPF-pNA
subtilisin Km (µM) kcat (s-1) kcat/Km (M-1 s-1)

SBT* 450 210 0.47× 106

Sbt140 48 190 4.0× 106

Sbt151 45 190 4.2× 106

Sbt153 46 218 4.7× 106

Sbt184 300 134 0.45× 106

Substrate: GBF30H
subtilisin Km (µM) kcat (s-1) kcat/Km (M-1 s-1)

SBT* 120 20 1.7× 105

Sbt140 7 3.5 5.0× 105

Sbt184 30 4.7 1.6× 105

Substrate: sAAF-AMC
subtilisin Km (µM) kcat (s-1) kcat/Km (M-1 s-1)

SBT* 360 6.4 0.16× 105

Sbt140 63 26 4.1× 105

Substrate: sDVRAF-AMC
subtilisin Km (µM) kcat (s-1) kcat/Km (M-1 s-1)

SBT* 33 68 2.1× 106

Sbt140 2.5 31 1.2× 107

Sbt184 11.4 43 3.8× 106

a Steady-state kinetic parameters were measured in 100 mM NaCl
and 100 mM Tris-HCl at pH 8.3 and 25°C. SBT* is a commercial
version of sibtilisin BPN′ containing the Y217L mutation.

Scheme 1
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1)whereE is the enzyme,S is the substrate, andP is the
product. In this kinetic scheme,k1 is the rate of substrate
binding, k-1 is the rate of substrate dissociation,k2 is the
rate of the acylation, andk3 is a composite rate constant
including both deacylation and release of the N-terminal
product. We were not able to detect an acyl intermediate in
any of the subsequent quench-flow experiments with either
GBF30H or synthetic peptide substrates, and hence, we
believe that the breakdown of the acyl intermediate is fast
relative to the release of the peptide product. However, this
has not been rigorously established.

Pre-Steady-State Kinetics.To find out whykcat for SBT*
is larger thankcat for Sbt140, we measured pre-steady-state
burst kinetics for both to determine the microscopic rate
constantsk2 andk3. In these experiments, subtilisin Sbt140
or SBT* is mixed with a saturating concentration (500µM)
of GBF30H in a preparative quench-flow apparatus. The
reaction is quenched after variable reaction times by mixing
with H3PO4 to shift the pH to 2.0. Each reaction time point
is run over an analytical FPLC column so that the disap-
pearance of intact GBF30H can be measured as a function
of the reaction time.

With Sbt140, the time dependence for formation of cleaved
product is described by a rapid exponential phase fol-
lowed by a linear phase (Figure 2): [product]/[Sbt140])
Ao(1 - e-λt) + kcatt, where rates are defined byλ ) k2 + k3

∼ 100 s-1 andkcat ) k2k3/(k2 + k3) ) 4 s-1. The amplitude
of the burst phase (Ao) ) [k2/(k2 + k3)]2 ) 0.9. Solving these
equations yieldsk2 ∼ 100 s-1 andk3 ∼ 4 s-1.

With SBT*, no pre-steady-state burst is observable. The
time dependence for formation of the cleaved product is
linear: [product]/[SBT*]) kcatt, wherekcat ∼ k2 ) 20 s-1.

These results indicate that the acylation in the reaction of
Sbt140 with GBF30H is rapid when compared to SBT*
(k2 ∼ 100 s-1 versus 20 s-1). Thekcat for Sbt140, however,
is determined byk3 (∼4 s-1).

Analysis of Kinetic PropertiesVersus Succinyl-L-Asp-L-
Val-L-Arg-L-Ala-L-Phe-7-amino-4-methylcoumarin (sDVRAF-
AMC) and Succinyl-Ala-L-Ala-L-Phe-7-amino-4-methyl-
coumarin (sAAF-AMC).To further explore this phenomemon,

we performed more detailed experiments using the defined,
synthetic peptides: sDVRAF-AMC, which is a preferred
subtilisin substrate, and sAAF-AMC, which is a poorer
substrate. Steady-state parameters are summarized in Table
3. Sbt140 is a better enzyme versus sAAF-AMC than SBT*
both in terms ofkcat andkcat/Km. The steady-state results with
sDVRAF-AMC are qualitatively similar to the results with
the GBF30H substrate. That is,kcat/Km of Sbt140 is greater
than SBT*, but thekcat of Sbt140 is much lower. We also
observed a burst phase in the reaction of Sbt140 with
sDVRAF-AMC, indicating that acylation is not the rate-
determining step. No burst phase was seen with sAAF-AMC.

We performed a series of single turnover experiments as
a function of [E] to determine microscopic rate constants
for a single pass through a catalytic cycle. [E] was varied
from 0.5 to 18µM with sDVRAF-AMC fixed at 50 pM.
The data for Sbt140 were fit according to Scheme 1 using
KinTekSIM (Figure 3). Steady-state, single turnover, and
product inhibition data were used to determine the rate and
equilibrium constants reported in Table 4.

The absence of a burst phase in the reaction of SBT* with
sDVRAF at pH 8.3 indicates that acylation is limiting, as is
generally observed for the hydrolysis of amide substrates
by subtilisins. However, acylation is not the rate-determining
step of the reaction of Sbt140 with sDVRAF-AMC. At pH
8.3,k2 andk3 are roughly equal, which causeskcat to be half
of the acylation rate.

Burst-phase kinetics with amide substrates generally have
not been reported with subtilisins because of a focus on

FIGURE 2: Pre-steady-state kinetics versus the GBF30H substrate.
Disappearance of the intact substrate as a ratio of [product]/
[enzyme] is plotted versus time after mixing with SBT* (b) and
Sbt140 (O).

FIGURE 3: Single turnover kinetics of Sbt140 versus the sDVRAF-
AMC substrate. Sbt140 subtilisin at [E] ) 0.48, 1.05, 2.35, 5.05,
9.85, and 18.3µM was mixed with 50 pM sDVRAF-AMC. The
release of AMC is followed by fluorescence for each Sbt140
concentration. Solid lines are fits to Scheme 1 obtained with
KinTekSim (19, 20).

Table 4: Microscopic Rate Constants versus sDVRAF-AMCa

k1

(M-1 s-1)
k-1

(s-1)
k2

(s-1)
k3

(s-1)
KS

(µM)
Km

(µM)
kcat

(s-1)
KP

(µM)

Sbt140 1.6× 107 15 65 60 0.94 2.5 31 8
a Transient-state kinetic parameters were measured in 100 mM NaCl

and 100 mM Tris-HCl at pH 8.3 and 25°C. Values for microscopic
rate constants were determined by fitting the single turnover data in
Figure 3.
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steady-state analysis and because the acylation step is rate-
limiting for the commonly used peptide substrates such as
sAAPF-pNA. No burst phase is observed when Sbt140 is
reacted with sAAPF-pNA. We estimate that thek3 for sAAPF
is ∼103 s-1. Becausek3 greatly exceeds the rate of acylation,
it does not influence the overall kinetics. Burst kinetics have
been observed for the yeast-processing subtilisin, Kex2,
against cognate sequences (40, 41).

DISCUSSION

Substrate Binding and N-Terminal Product Release.Deg-
radative subtilisins have evolved to be efficient catalysts
against a broad range of substrate sequences. Subtilisin can
bind to a broad range of sequences because many of its
interactions are with the peptide backbone of the substrate.
Most contacts are with the first four substrate residues on
the acyl side of the scissile bond. These are denoted
P1-P4, with numbering from the scissile bond toward the
N terminus of the substrate (42-44). The backbone of the
substrate inserts between strands 100-104 and 125-129 of
subtilisin to become the central strand in an antiparallel
â-sheet arrangement involving seven main-chain hydrogen
bonds (8, 43). Hence, a major component of substrate-binding
energy involves only the peptide backbone and not side-
chain interactions. The side-chain components of substrate
binding to subtilisin result primarily from the P1 and P4
amino acids (5, 24, 45). Optimal substrates for subtilisin have
large hydrophobic amino acids at these positions (24, 45),
but even a substrate with AAAA at P1-P4 would be
expected to bind with aKS of <10 µM (24, 26, 46, 47).

It is frequently viewed as axiomatic thatkcat ∼ k2 for
subtilisins (24). For the stabilized subtilisin Sbt140, this was
true for the substrates, sAAF-AMC and sAAPF-PNA, but
was not true for the preferred substrate sDVRAF-AMC or
for the complex protein substrate GBF30H. In both of these
cases, tight substrate binding appears be correlated with slow
product release. The effects of slow product release on
steady-state kinetics can be discerned by examining the
steady-state rate according to Scheme 1. If the rate of product
release is much faster than acylation then

and

However, if k3 is in the same range ask2, then bothkcat

andKm will be decreased by a factor ofk3/(k2 + k3). Slow
product release is not manifest in the ratio ofkcat/Km, which
frequently is used as a measure of catalytic efficiency. By
this measure, Sbt140 subtilisin is a more efficient enzyme
than SBT* across a range of substrates: sAAPF-pNA, sAAF-
AMC, sDVRAF-AMC, and GBF30H. However, the value
of kcat for Sbt140 subtilisin for a “good” peptide substrate
such as sDVRAF-AMC or a complex protein such as
GBF30H is much worse than SBT*. The reasons for this
behavior can be seen by examining the microscopic rate
constants for the hydrolysis of sDVRAF-AMC.

The ratiokcat/Km is the apparent second-order rate constant
for substrate binding. It is less than the true binding rate
(k1) by a factor ofk2/(k2 + k-1) (48). For the reaction of

Sbt140 with sDVRAF-AMC, kcat/Km ∼ k1 because the
substrate off rate is small (k-1 ) 15 s-1), compared to the
acylation rate (k2 ) 65 s-1). As the substrate off rate becomes
less than the acylation rate, its influence on the observed
rate of product formation diminishes because of tight kinetic
coupling between substrate binding and acylation. Further,
because the slow substrate off rate is correlated to the slow
release of the N-terminal product,kcat is attenuated. Thus,
substrate affinity above a certain threshold is detrimental to
catalysis, even though it has no effect onkcat/Km.

Tight-binding peptides, such as sDVRAF-AMC, appear
to be better indicators of activity against a complex protein
substrate than an average peptide such as sAAPF-pNA. The
reaction of Sbt140 with GBF30H is characterized by a rapid
burst phase followed by a much slower steady-state phase.
As with sDVRAF-AMC, Sbt140 appears to bind tightly to
preferred sequences in GBF30H and to release N-terminal
products slowly. Interestingly, this effect can be mitigated
by the mutation M222Q. This mutation decreases the
acylation rate by a factor of 1.6 but increaseskcat because of
a concomitant increase ink3. This mutation is of interest
because it makes the enzyme stable in hydrogen peroxide
because of the removal of the oxidation-sensitive methionine.
(30).

Stability and Catalytic ActiVity. The insertion of the
substrate between subtilisin strands 100-104 and 125-129
to become the central strand in an antiparallelâ-sheet
arrangement suggests that increased subtilisin stability might
result in tighter substrate binding. However, this does not
appear to be the case. The kinetic behavior observed with
Sbt140 subtilisin does not appear to be a function of stability
but rather to be dependent on specific mutations, which
directly alter substrate and product interactions. The mutation
that has the largest effect on substrate binding is E156S. This
mutation has a minor effect on stability but amplifies the
natural preference of subtilisin for large hydrophobic residues
at the P1 site by 2-5-fold (26). The additive effects of
E156S, G169A, and N218S increase substrate affinity by
∼15-fold and together create an enzyme whosekcat is
attenuated by product release in the presence of high-affinity
substrates. The effect is mitigated to some extent by Y217L,
which increases the acylation rate by∼5-fold and decreases
KS by ∼5-fold. Y217L effects onkcat andKm depend onk-1

and k3 for a particular substrate. The kinetic properties of
Sbt140 appear to be roughly similar to the S156, A169, and
L217 mutants of BPN′ described by Wells et al. (26). Natural
evolution appears to compromise between substrate binding
versus acylation rate. In mostBacillussubtilisins, Y217 and
E156 occur together or L218 and S156 occur together (49).
Natural subtilisins may require a great deal of versatility to
deal with folded and unfolded substrates over a range of
concentrations. Preservation of broad proteolytic activity
requires that N-terminal off rates do not attenuatekcat. It is
possible, however, to tailor the catalytic profile to create a
more specialized protease. For example, Sbt140 is a very
good protease in situations in which tight substrate affinity
is important (e.g., substrates at low concentration, of non-
optimal sequence, or in folded conformation). Tailoring of
the catalytic profile appears to be compatible with high
protease stability. We recently have been able to extend this
work to evolve subtilisins with narrow substrate preferences
to create useful processing activities in subtilisin (50).

kcat ∼ k2

Km ∼ (k2 + k-1)/k1
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